Introduction {#s1}
============

The formation of transport carriers from the mammalian Golgi complex requires regulation for precise spatial and temporal trafficking within a cell (Yang et al., [@B38]). Cargo transport from the Golgi complex involves both membrane bound vesicles and membrane tubules. Cargo exiting the *trans* Golgi network (TGN), such as ts045 VSV-G, as well as retrograde cargo from the cis Golgi to the endoplasmic reticulum, has been visualized to travel in long, 60--80 nm diameter membrane-bound tubule carriers (Bechler et al., [@B6]; Ha et al., [@B19]; Martinez-Alonso et al., [@B26]). Additionally, vesicle markers have been shown to partially colocalize with these membrane tubules, from which vesicles may bud (Puertollano et al., [@B28], [@B29]; Waguri et al., [@B37]). The outward budding of a nascent vesicle initially requires positive membrane curvature that is also necessary for forming membrane tubule carriers. However, little is known about the mechanisms that regulate the positive curvature needed to form both vesicles and membrane tubules from the Golgi complex (Bechler et al., [@B6]; Ha et al., [@B19]).

The membrane-bending capability of phospholipid-modifying enzymes may provide a mechanism for forming the initial curvature of a vesicle or of a membrane tubule. Indeed, a series of pharmacological studies using phospholipase A~2~ (PLA~2~) antagonists indicate that phospholipases are important for the formation of membrane tubules (de Figueiredo et al., [@B12], [@B14], [@B13]; Drecktrah and Brown, [@B17]; Polizotto et al., [@B27]). Recent studies have since identified specific phospholipase (PLA) enzymes that contribute to different levels of Golgi membrane tubule formation: cPLA~2~α (San Pietro et al., [@B33]), PLA2G6-A (Ben-Tekaya et al., [@B8]), and platelet activating factor acetylhydrolase Ib (PAFAH Ib) (Bechler et al., [@B7]). These phospholipases have partially overlapping function and contribute to distinct aspects of Golgi structure and trafficking. However, it is not known how these PLA enzymes are individually regulated, nor is it understood how membrane tubules in general are regulated (Bechler et al., [@B6]; Ha et al., [@B19]).

The large, heterotrimeric G protein family, composed of various combinations of Gα, Gβ, and Gγ subunit isoforms, has been implicated in the regulation of Golgi trafficking, architecture, and vesicle budding (Stow et al., [@B35]; Denker et al., [@B15]; Jamora et al., [@B23], [@B24]; Diaz Añel and Malhotra, [@B16]; Irannejad and Wedegaertner, [@B22]). Early studies with ilimaquinone (IQ), a metabolite of marine sponges that vesiculates the Golgi complex, revealed a role for Gαs and Gαi-3 as well as Gβγ subunits at the Golgi (Takizawa et al., [@B36]; Jamora et al., [@B23], [@B24]). Gαi-3 and Gαq have also been implicated in the control of Golgi architecture and trafficking (Denker et al., [@B15]). Specific Gβγ subunits, Gβ1γ2 and Gβ2γ3, upon overexpression in mammalian cells, dramatically affect Golgi membrane structure and alter trafficking, likely through activation of PKCη and PKD at the TGN (Jamora et al., [@B24]; Diaz Añel and Malhotra, [@B16]). Additionally, studies suggest that particular Gβγ isoforms are capable, upon GPCR stimulation, of translocating from the plasma membrane to the Golgi complex, where the Gβγ may trigger vesiculation of the Golgi complex as well as increased transport (Akgoz et al., [@B1]; Saini et al., [@B32]). The localization of Gβ1γ2 specifically to the Golgi complex results in fragmentation of the Golgi and TGN, and inactivation of endogenous Gβγ significantly affects secretory trafficking (Irannejad and Wedegaertner, [@B22]).

In addition to roles in stimulating vesiculation, Gβγ has been implicated in regulating brefeldin A (BFA)-stimulated membrane tubules. For example, Golgi and endosome membrane tubules stimulated by BFA were inhibited by the biscolaurine alkaloid isotetrandrine (ITD) (Chan et al., [@B10]), an inhibitor of Gβγ-mediated PLA~2~ enzyme activation (Hashizume et al., [@B20]; Akiba et al., [@B2], [@B3]). This membrane tubule inhibition by ITD is believed to be an effect of preventing activation of PLA~2~ enzymes through yet unknown Gβγ subunits. Put together, it is likely that Gβγ simultaneously activates pathways that promote PLA~2~ enzyme activity to generate positive curvature (for both membrane tubules and vesicle formation) as well as activate machinery for vesicle fission.

Reported here is the use of a cell free reconstitution assay (Cluett et al., [@B11]; Banta et al., [@B4]) to further test the idea that a Gβγ signaling pathway can activate PLA~2~-dependent membrane tubule formation. This method permits direct examination of individual components for contributions to Golgi membrane tubule formation.

Methods and materials {#s2}
=====================

Reagents
--------

Sprague-Dawley male rats were obtained from Charles River Breeding Laboratories, Inc. Isotetrandrine (ITD) and ONO-RS-082 (ONO) were purchased from BioMol Research Laboratories, Inc. Recombinant Gβ1 and γ2 were prepared as described (in buffer containing 150 mM NaCl, 1mM EDTA, 1 mM DTT, 0.1% (w/v) Chaps, and 20 mM Tris, pH 8.0) (Mayeenuddin et al., [@B26a]) and was kindly provided by Dr. James Garrison (University of Virginia, Charlottesville, VA).

### In vitro Golgi tubulation assays

Analysis of Golgi membrane tubule formation was achieved through the use of a well-characterized *in vitro* reconstitution system developed in our laboratory (Banta et al., [@B4]; de Figueiredo et al., [@B13]), with several important modifications as described below. Intact Golgi complexes from rat liver were enriched following procedures as described (Cluett et al., [@B11]; Banta et al., [@B4]). Bovine brain cytosol (BBC) was prepared and an *in vitro* Golgi tubulation assay was performed as described (Banta et al., [@B4]). Briefly, all frozen reagents were rapidly thawed at 37°C and then kept on ice until use. Reaction mixtures containing BBC, purified protein, ± inhibitors mixed with tubulation assay buffer (50 mM KCl, 1 mM MgCl~2~, 25 mM Tris, 10 mM HEPES, pH 7.4) and ATP (final concentration, 50 μM), were prepared as indicted in the results. For some experiments bovine serum albumin (BSA) was used as a negative control, in that it did not stimulate or inhibit membrane tubule formation, as previous shown (de Figueiredo et al., [@B13]; Bechler et al., [@B7]). Other studies also demonstrated that non-specific phospholipid hydrolysis by snake venom PLA~2~ did not induced tubule formation (Bechler et al., [@B7]). Golgi aliquots and reaction mixtures were pre-warmed to 37°C for 15 min, after which the reaction mix was gently mixed 1:1 into the Golgi aliquots, and then incubated for 15 min at 37°C. Samples were spotted onto Formvar- and carbon-coated EM grids, followed by staining with 2% phosphotungstic acid, pH 7.2. Grids were viewed on a FEI Morgagni 268 transmission electron microscope. Grids were coded and counted blind. Golgi complexes on negative stain grids were identified by characteristic morphology (Banta et al., [@B4]; de Figueiredo et al., [@B14]; Polizotto et al., [@B27]), with a minimum diameter of 1 μm. Previous studies using immunogold labeling of Golgi-localized α-mannosidase II on whole mount preparations determined that reproducibly \~50% of the negatively stained profiles are intact Golgi complexes (de Figueiredo et al., [@B14]). Golgi phenotypes were counted based on morphology. Golgi complexes scored as not tubulated had a characteristic appearance of tightly interwoven sac, vesicular and tubular membranes. Golgi complexes scored as tubulated were distinguished as having at least one 60--80 nm diameter tubule extension of more than 1 μm or having multiple 60--80 nm tubule extensions of at least 500 nm in length. It is worth noting that this assay does not precisely measure tubule number and length because of the difficulty of accurately determining these features in a complicated negatively stained Golgi complex, which contains membrane tubules that weave over and under the stack proper (see for example, Figure [1](#F1){ref-type="fig"}). Therefore, any changes due to inhibitory or stimulatory factors examined here will likely be under-estimated. At least 70 Golgi profiles per condition were counted for each experiment, with a minimum of three experiments. Either One-Way ANOVA or two-tailed *t*-tests assuming unequal variance were used to analyze significance of the data, as indicated in figure legends.

![**Dose-dependent inhibition of cytosol-stimulated Golgi membrane tubules. (A)** Example negative stain electron micrographs of tubulated and non-tubulated Golgi from the *in vitro* reconstitution assay. Bovine brain cytosol (BBC, 1.5 mg/ml) was incubated with the indicated concentration of ITD and added to isolated Golgi complexes. Control Golgi complexes were incubated with 0.2 mg/ml BSA. Scale bars = 500 nm. **(B)** Quantification of the percent of Golgi complexes with membrane tubules, normalized to the maximum percent of Golgi with tubules in the presence of each BBC concentration shown. Averages are shown from minimum of three replicates, error bars = s.e.m.](fcell-02-00004-g0001){#F1}

Results {#s3}
=======

A preparation of bovine brain cytosol (BBC) stimulates Golgi membrane tubule formation in an *in vitro* reconstitution assay (Cluett et al., [@B11]; Banta et al., [@B4]), which can be inhibited by PLA~2~ inhibitors (de Figueiredo et al., [@B14]) and stimulated by the addition of purified PAFAH Ib (Bechler et al., [@B7], [@B6]; Ha et al., [@B19]). Here we describe the use of this *in vitro* reconstitution assay to assess the contribution of Gβ1γ2 and subsequent stimulation of PLA~2~ enzymes to the formation of Golgi membrane tubules.

Isotetrandrine inhibits cytosol-stimulated Golgi membrane tubules *in vitro*
----------------------------------------------------------------------------

Previous studies have shown that ITD inhibits BFA-stimulated Golgi membrane tubules in mammalian cells (Chan et al., [@B10]). To determine if ITD similarly inhibits cytosol-stimulated Golgi tubules *in vitro*, we tested a range of ITD concentrations with varying BBC concentrations. ITD exhibited a dose-dependent inhibition of BBC-stimulated membrane tubules and showed a positive correlation between concentration of cytosol and the IC~50~ for membrane tubule inhibition (Figure [1](#F1){ref-type="fig"}). This IC~50~ of membrane tubule inhibition is dependent on the individual preparation of BBC, as there is natural variation between different preparations of BBC. We found an IC~50~ range from 25 to 100 μM with cytosol concentrations that achieve maximum number of tubulated Golgi membranes. Therefore, for each BBC preparation, the appropriate IC~50~ was determined before further experimentation.

Isotetrandrine inhibits Golgi-associated components
---------------------------------------------------

The exact target of ITD is unknown (Hashizume et al., [@B20]; Akiba et al., [@B2], [@B3]), therefore we tested whether the target of ITD was cytosolic or membrane-associated. The extent of Golgi membrane tubule inhibition was compared between ITD addition to the Golgi membranes themselves---presumably inhibiting a protein directly associated with the membranes---vs. ITD addition to the cytosol, inhibiting a cytosolic target. Either the BBC or Golgi membranes were pretreated with isotetrandrine, and then combined. ITD was more efficacious when Golgi membranes were pretreated, consistent with the idea that ITD inhibits a Golgi-associated target (Figure [2](#F2){ref-type="fig"}).

![**ITD inhibits Golgi-membrane associated proteins**. Various concentrations of ITD were either pre-incubated at 37°C for 15 min with BBC or Golgi membranes before combining the cytosol and Golgi, followed by further incubation at 37°C for 15 min. (**A**) Representative negative stain Golgi treated with ITD, which was pre-incubated as labeled. Scale bars = 500 nm. (**B**) Quantification of the percent of Golgi with membrane tubules, normalized to BBC alone (1.5 mg/ml). ITD concentrations shown are the final concentration after mixing the Golgi and cytosol. Error bars = s.e.m. Differences between samples with ITD pre-treated BBC or Golgi were statistically different, with *p*-values \< 0.04 (^\*^) or 0.006 (^\*\*^), determined using a two-tailed *t*-test for each ITD concentration.](fcell-02-00004-g0002){#F2}

Gβ1γ2 rescues ITD inhibition
----------------------------

The pharmacological effect of ITD is to inhibit Gβγ activation of PLA~2~ enzymes (Hashizume et al., [@B20]; Akiba et al., [@B2], [@B3]). To determine if ITD inhibits a pathway stimulated by Gβγ, as suggested by the previous pharmacological studies, Gβ1γ2 was added to the ITD-treated tubulation mixture and tested for its ability to stimulate Golgi membrane tubules. Gγ is prenylated on its C-terminus and must be kept soluble in low concentrations of the detergent CHAPS. We first tested whether the CHAPS-containing Gβγ buffer affects Golgi membranes or tubule formation. We found no effect on the percent of tubulated Golgi for either BBC-stimulated or BSA control treated Golgi complexes (Figure [3A](#F3){ref-type="fig"}). Of the various Gβγ isoforms, Gβ1γ2 was selected because it is the most abundant isoform in bovine brain and has been previously shown to affect Golgi architecture and trafficking (Diaz Añel and Malhotra, [@B16]; Irannejad and Wedegaertner, [@B22]). BBC-stimulated Golgi tubulation was inhibited to near-background levels by ITD (Figure [3B](#F3){ref-type="fig"}). Addition of increasing amounts of purified Gβ1γ2 protein to Golgi membranes treated with 25 μM ITD resulted in nearly complete restoration of membrane tubule formation to control levels (Figure [3B](#F3){ref-type="fig"}).

![**Gβ1γ2 rescues ITD inhibition of cytosol-stimulated Golgi membrane tubules. (A)** Representative EM micrographs of Golgi treated with BBC (1.5 mg/ml) or BSA (0.2 mg/ml) in the presence or absence of the Gβγ buffer that contains CHAPS detergent. Membrane tubules and Golgi morphology were unaffected by the presence of the buffer. **(B)** Quantification of the fraction of Golgi with tubules, relative to the maximum percent of Golgi with tubules seen with BBC (1.5 mg/ml) alone. Final concentrations (after mixing the pre-incubated Golgi and cytosol) are shown for purified Gβγ. ITD final concentration was 25 μM. Error bars = s.e.m. Samples containing BBC + ITD+ Gβ1γ2 were statistically different with p-values \< 0.003 compared to BSA, Gβ1γ2 alone, or BBC + ITD, as determined using ANOVA.](fcell-02-00004-g0003){#F3}

Gβ1γ2 stimulates Golgi membrane tubule formation
------------------------------------------------

ITD inhibition of cytosol-stimulated Golgi tubules could be rescued by addition of purified Gβ1γ2, therefore we wanted to address whether Gβγ itself could stimulate membrane tubules in the reconstitution assay. Gβγ, when added alone to Golgi membranes, was insufficient to stimulate membrane tubules above background (Figure [4](#F4){ref-type="fig"}). Either Gβ1γ2 does not stimulate membrane tubules or a cytosolic component (e.g., a PLA~2~) is required to induce membrane tubule formation. Near background levels of membrane tubule formation are seen with low concentrations of BBC (sub-threshold levels), which can be used in combination with other factors that promote membrane tubule formation to achieve maximum Golgi membrane tubules (Polizotto et al., [@B27]). Therefore we tested whether Gβγ signaling requires a cytosol component by adding Gβγ to sub-threshold cytosol levels. Indeed, we found that the addition of Gβ1γ2 in increasing amounts stimulated the formation of membrane tubules in the presence of low BBC (Figure [4](#F4){ref-type="fig"}).

![**Gβ1γ2 stimulates cytosol-dependent Golgi membrane tubulation. (A)** Representative EM micrographs of Golgi treated with BBC (1.5 mg/ml), a BSA control (0.2 mg/ml), Low BBC (0.15 mg/ml), or Low BBC + Gβ1γ2 (0.5 μg/ml Gβγ). Each condition was in the presence of the Gβγ buffer. Scale bar = 500 nm. (**B**) Quantification of the percent of Golgi with membrane tubules, normalized to the maximum amount of tubulated Golgi with BBC (1.5 mg/ml). Gβ1γ2 purified protein alone does not stimulate Golgi membrane tubules above background levels (no BBC control). In the presence of low cytosol concentrations (Low BBC 0.15 mg/ml), the addition of Gβ1γ2 stimulates membrane tubules. Error bars = s.e.m. Low BBC + 0.0125 μg/mL Gβ1γ2 was statistically different than samples of Control, Gβ1γ2 alone, or Low BBC, with *p*-values \< 0.009 determined using ANOVA.](fcell-02-00004-g0004){#F4}

Gβ1γ2-stimulated Golgi membrane tubules are PLA~2~ dependent
------------------------------------------------------------

The above studies show that BBC contains a component that is stimulated by Gβ1γ2, likely a protein downstream of the target of ITD. Previous studies have demonstrated that BBC-stimulated Golgi membrane tubules require PLA~2~ enzyme activity (Brown et al., [@B9]; Bechler et al., [@B6]), and ITD is suggested to inhibit a Gβ1γ2 activation of PLA~2~ enzymes (Akiba et al., [@B3]), so we tested whether Gβ1γ2-stimulation of membrane tubules also requires PLA~2~ activity. To examine this, BBC was pre-incubated for 15 min with a cytoplasmic PLA~2~ antagonist documented to inhibit Golgi membrane tubules, ONO-RS-082 (de Figueiredo et al., [@B12]), prior to addition with Golgi pre-incubated with Gβ1γ2. The results showed that addition of Gβ1γ2 to low cytosol was able to stimulate Golgi membrane tubules, but Gβ1γ2 did not stimulate membrane tubules when cytosol was pretreated with ONO (Figure [5](#F5){ref-type="fig"}). These results indicate that Gβ1γ2 requires PLA~2~ activity found in BBC to stimulate Golgi membrane tubules.

![**Gβ1γ2 stimulation of Golgi membrane tubules is PLA~2~ activity dependent**. BBC (1.5 mg/ml) was pre-incubated with the PLA~2~ inhibitor ONO (at final concentration of 25 μM) at 37°C for 15 min, followed by the addition of Gβ1γ2 purified protein (final concentration of 0.4 μg/ml) to BBC before combining the cytosol and Golgi, and additional incubation at 37°C for 15 min. Low BBC was 0.15 mg/ml and the BSA, as a negative control, was at a final 1 mg/ml concentration. (**A**) Representative negative stain Golgi treated with ONO and Gβ1γ2 as labeled. Scale bars = 500 nm. (**B**) Quantification of the percent of Golgi with membrane tubules, normalized to BBC alone (1.5 mg/ml). Error bars = s.e.m. Golgi samples with ONO-treated BBC, BSA, or Low BBC were statistically different from Low BBC + Gβ1γ2 with *p*-values \< 0.013, as determined using ANOVA.](fcell-02-00004-g0005){#F5}

Discussion {#s4}
==========

Here we provide *in vitro* evidence that heterotrimeric G protein subunits Gβ1γ2 stimulate Golgi membrane tubule formation, which is dependent on PLA~2~ activity. Until now, the identified role of Gβ1γ2 at the Golgi complex has been limited to membrane fission in the generation of TGN vesicles. This work is consistent with the hypothesis that Gβγ subunits are additionally important for activation of PLA~2~ enzymes that stimulate membrane tubule formation.

Previous studies using the inhibitor ITD implicated Gβγ signaling in the regulation of PLA~2~ enzymes. ITD has been used to inhibit inflammatory signaling, by decreasing Gβγ activation of PLA~2~ enzymes (Hashizume et al., [@B20]). More recent studies show ITD inhibition of BFA-stimulated Golgi membrane tubule formation, suggesting a broader role of Gβγ regulation of PLA~2~ enzymes (Chan et al., [@B10]). Here we further explore the hypothesis that ITD inhibits Gβγ activation of PLA~2~ enzymes involved in the formation of Golgi membrane tubules. Using an *in vitro* reconstitution assay, we find that ITD inhibits BBC-stimulated membrane tubules from isolated Golgi complexes. This inhibition can be rescued by the addition of purified Gβγ subunits, further supporting the notion that ITD inhibits a Gβγ signaling pathway.

Heterotrimeric Gβγ subunits have recently been shown to localize to the Golgi complex upon GPCR stimulation (Saini et al., [@B31]; Irannejad and Wedegaertner, [@B22]; Saini et al., [@B32]). Once localized to the Golgi complex, Gβ1γ2 stimulates a signaling cascade that increases the TGN diacylglycerol levels necessary for the recruitment of PKD. Upon reaching the Golgi, PKD is subsequently activated by PKCη, leading to phosphorylation of PI4KIIIβand ceramide transfer protein (CERT), ultimately leading to enhanced fission and transport of cargo (Jamora et al., [@B24]; Baron and Malhotra, [@B5]; Hausser et al., [@B21]; Fugmann et al., [@B18]; Irannejad and Wedegaertner, [@B22]). Although this signaling cascade includes factors such as PKD, which have been implicated in vesicle fission (Liljedahl et al., [@B25]), the current model of cargo export from the Golgi complex does not address how the initial positive curvature to form vesicles and membrane tubules is generated to promote the increase in transport upon GPCR stimulation. Increased transport upon Gβγ signaling at the Golgi can be prevented by inactivation of PKD (Diaz Añel and Malhotra, [@B16]). This inhibition of PKD kinase activity results in the exacerbation of long and persistent TGN membrane tubules (Liljedahl et al., [@B25]). These results indicate that the machinery involved in the outward bending of Golgi membranes is activated, but the subsequent fission is prevented.

The TGN membrane tubules stimulated by PKD inactivation can be inhibited by the PLA~2~ inhibitor ONO (Schmidt et al., [@B34]). ONO prevents the formation of new PKD kinase dead (PKD-KD) TGN tubules, decreases the number of TGN tubules containing ts045 VSV-G, and inhibits the transport of ts045 VSV-G from the TGN to the plasma membrane. Consistent with this, the formation of Gβγ-stimulated tubules was sensitive to ONO inhibition when added to BBC. This suggests that PLA~2~ enzyme activity present in the cytosol is required for Gβ1γ2 stimulation of tubules, which are likely stimulated upstream of PKD. While it is possible that a separate signaling pathway regulates the formation of membrane tubules, it is conceivable that stimulation of both positive curvature for outward budding and negative curvature for fission are interconnected signaling pathways activated by Gβγ. The results presented here suggest the latter: Gβγ stimulates the outward curvature of Golgi membranes through PLA~2~ activation as well as PKD-dependent fission.

Specific PLA~2~ enzymes cPLA~2~α and PAFAH Ib are implicated in the formation of Golgi membrane tubules and TGN to plasma membrane transport (Regan-Klapisz et al., [@B30]; San Pietro et al., [@B33]; Bechler et al., [@B7]). cPLA~2~α has been shown to be important for inter-cisternal Golgi membrane tubule formation that aids in transport across the cisternal stack (San Pietro et al., [@B33]) and has been implicated in the transport of tight junction proteins to the plasma membrane (Regan-Klapisz et al., [@B30]). Additionally, PAFAH Ib has been shown to affect the localization of PKD to the TGN and VSV-G kinetics from the Golgi to the plasma membrane (Bechler et al., [@B7]). It will be interesting in the future to determine whether these specific PLA~2~ enzymes, or unidentified PLA enzymes, are part of the Gβγ signaling pathway at the Golgi and how they are interconnected with PKD-activated fission to generate transport carriers.
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